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Abstract 
Plasma electrochemical oxidation (PEO) of titanium foils is the key step in the production of 
platinum/TiO2/Ti sandwich structures that can be used as hydrogen sensors. If a voltage is 
applied between the platinum contact and the supporting Ti foil, the structures indicate current-
voltage curves that depend on the H2 concentration in air. The sensing mechanism, based on 
catalytic oxidation of H2 and hydrogen doping of TiO2, is fast and reversible in a broad 
temperature regime. Particularly the devices can operate at room-temperature and hence do not 
require an additional heating. A suitable porosity enables a high surface area combined with a 
good accessibility of the reacting H2 and O2. Thermal stability is mandatory because catalytic 
heat is released during sensor operation at higher concentrations of hydrogen. Another 
important feature of the sandwich structures concerns the mechanical and electrical stability of 
the oxide film since the operation voltages are typically in a range of ± 10 V. Our structural 
study serves as an important contribution towards an understanding of the interplay between 
process parameters and sensor properties.
© 2012 Published by Elsevier Ltd. 
Key words: hydrogen sensor; plasma electrolytic oxidation; titanium oxide; platinum 
* Corresponding author. Tel.: +49 211 8112389; fax: +49-211-8111995. 
E-mail address: Mhamed.Elachhab@uni-duesseldorf.de. 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Symposium Cracoviense 
Sp. z.o.o. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
567 Mhamed El Achhab and Klaus Schierbaum /  Procedia Engineering  47 ( 2012 )  566 – 569 
1. Introduction 
Chemical sensors have key functions in various fields of technology; hydrogen sensors, in particular, 
are demanded to control processes in which H2 is used. We have developed non-heated hydrogen sensors 
that can be operated in a wide temperature regime. The sensor elements consist of a plasma-
electrochemically oxidized titanium foil, coated with a platinum contact, and can determine hydrogen in 
air at concentrations below the lower explosive limit of 4.4 % [1]. In the PEO process, titanium foils are 
immersed as anode in a suitable electrolyte; under the action of a large voltage various reactions take 
place at the oxide/electrolyte interface, including dissolution, electric breakdown, and plasma formation, 
eventually coupled with fusion of the metal [2,3]. Platinum contact formation is based on a Pt paste. 
The present paper deals with structural investigations and the sensing behaviour of such films. We 
applied scanning electron microscopy (SEM), energy-dispersive x-ray spectroscopy (EDX), x-ray 
diffraction (XRD), Raman spectroscopy and x-ray photoelectron spectroscopy (XPS) to study the 
microstructure, the fraction of rutile and anatase phases, and the chemical constitution of the bulk and 
surface of the films. We determined the current transients of Pt/PEO-TiO2/Ti samples, biased with 
positive voltages at Pt, at different temperatures -35°C  T  100 °C and hydrogen percentage 
concentrations 0.2  pH2  1.6 vol-% in synthetic air. 
2.  Experimental 
The samples (6×8 mm2) are prepared with positively biased titanium foils (99.6%, 125 μm thick) in 
stirred sulphuric acid (14 mol/Ɛ) at anodisation voltages Vanod up to 170 V and a graphite counter 
electrode. At the beginning of anodisation, the voltage is limited such that the current density does not 
exceed a value of 200 mA/cm2. The voltage is stepwise increased when the current fall below 200 mA 
and finally approaches Vanod. The process yields a white oxide overlayer. After cleaning with aceton, 
ethanol and distilled water, the sample is coated with Pt paste (Chempur) to yield a contact area of 3 × 3 
mm2; drying at 400 °C produces a high-surface area and catalytically active Pt film. 
We used a programmable gas-flow system and a combination of three chambers in series to measure 
the current of the Pt/PEO-TiO2/Ti structures. The first PTFE chamber contains the sample that can be 
heated and cooled by means of a stack of Peltier elements that is placed onto a water-cooled copper body. 
The two other PMMA cells, kept at room temperature, contain a commercial humidity sensor (DKRF 
4002-P, Driesen + Kern, Bad Bransted, Germany) and a thermal conductivity sensor (TCS208F, Wagner, 
Friedberg, Germany). Their signals are used to monitor the formation of H2O during H2 oxidation over 
Pt/PEO-TiO2/Ti and the residual H2 on the downstream side of the sample. Experimental details of the 
structural investigation are given in [4]. 
3. Results and Discussion 
3.1. Structural investigation 
PEO of Ti foils in sulfuric acid yields porous oxide layers as confirmed with SEM. At voltages below 
90 V, only one type of pores can be identified, being typically less than 100 nm, that we denote as 
primary holes. Increasing voltages result in the formation of a more complicated spongiform pore 
structure that can be associated with the presence of secondary and tertiary pores of very different 
diameters. Figure 1 (a) displays the oxide layer produced at 170 V. In addition to cracks at the surface of 
the oxide, the image shows an open-porous structure with primary pores in the sub μm-range. The image 
(b) indicates the morphology of the Pt contact which consists mainly of particles in the 100 nm range.  
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Fig. 1. Scanning electron microscopic images of (a) PEO-TiO2/Ti sample prepared at Vanod = 170 V; (b) Pt coated 
PEO-TiO2/Ti sample. 
XRD confirms the transition from the α-Ti of the foil into anatase and rutile TiO2 during the plasma 
electrolytic oxidation. The formation of a uniform layer that consists predominantly of the 
thermodynamically stable rutile phase requires voltages of 170 V. This is also evidenced by Raman 
spectra. The EDX analysis is in accordance with the XRD observation with respect to the chemical 
composition. XPS confirms the decrease of Ti3+ related defects in our samples with increasing voltages 
which can be associated with the improved electrical stability of the PEO samples, obtained with 170 V. 
3.1. Sensing behavior 
Figure 2a exhibits the current transient of the Pt/PEO-TiO2/Ti sample (curve 3) at room temperature 
for different H2 concentrations (curve 4). Curve 2 indicates the signal XHS of the humidity sensor and 
confirms the formation of water molecules as a result of the hydrogen oxidation over the platinum. The 
turn-over is, however, incomplete under the conditions of our experiment, i.e. for a given size and 
catalytic activity of the sample, as well as for a specified gas flow and volume of the test chamber. This is 
confirmed by recording the signal XTCS of a TCS sensor (curve 1). It measures the H2 concentration in the 
gas stream behind the sample. It should be noted that H2O formation is not observed in the absence of Pt. 
Figure 2b displays the steady-state current of the sample at different operation temperatures, established 
with the Peltier stack. The observed current increases by four orders-of-magnitude if the temperature 
decreases from 100 °C down to -35 °C (compare curves and data points marked with different symbols). 
We found that the signal of the humidity sensor placed downstream in the PMMA chamber decreases at 
the same time by a factor of four. In accordance with the temperature dependence of the catalytic activity 
of the Pt, the oxidation of hydrogen declines with falling temperatures. This is further confirmed by the 
increase of the hydrogen amount. Not all H2 molecules are oxidized at the surface of the Pt, to some 
degree they do not hit the Pt surface or are not converted. One may conclude therefore that the potential 
detection sensitivity of the Pt/PEO-TiO2/Ti is larger and could be utilized if the sensing area is enlarged to 
an appropriate size, depending on the gas flow.  
Hydrogen shows another effect on the Pt/PEO-TiO2/Ti structure in addition to the catalytic turn-over: 
it is known from Pt/TiO2 Schottky-type sensors that the interaction with H2 results in a hydrogen donor-
type doping of the TiO2, in addition to the decrease of the platinum work function by hydrogen adsorption 
[5]. At low temperature, the Pt/PEO-TiO2/Ti samples behave like Schottky type diodes [1]. 
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Fig. 2. (a) Signals of (1) the TCS sensor signal and (2) the humidity sensor; (3) current of the Pt/PEO-TiO2/Ti sample 
and (4) H2 concentration as a function of time t. (b) Signals of the TCS, humidity sensors and the Pt/PEO-TiO2/Ti 
sample as a function of H2 concentration in synthetic air (20.5 % O2 in N2). Further explanations are given in the text. 
4. Conclusions 
Our studies confirm the porosity of the oxide layer and the high surface area necessary for gas sensing, 
as well as the stoichiometry and phase composition, being predominantly rutile. Optimum stabilities of 
PEO-TiO2/Ti are obtained with an anodisation voltage of 170 V. The Pt/PEO-TiO2/Ti samples can be 
operated at bias voltages up to 10 V. They show hydrogen sensitivity of the current within a temperature 
regime of -35°C  T  100 °C with 4th-order polynomial calibration curves.  
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